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Trichoplusia ni single nucleopolyhedrovirus (TnSNPV), a 134,394-bp double-stranded DNA group II Nucleopolyhedrovirus, is pathogenic to
the lepidopteran T. ni. TnSNPV transcription is temporally regulated and divided into three promoter sequence-dependent classes (early, late and
very late genes). A viral oligonucleotide DNA microarray containing all potential (144) viral genes of TnSNPV was designed to investigate global
viral gene expression during cell infection. Total BT1-Tn-5B1-4 cellular mRNAs extracted between 0 and 72 h posttransfection with TnSNPV
genomic DNA were hybridized to the microarray. Initial average expression of early genes was detected between 12 and 24 h posttransfection
while late genes were mainly detected between 24 and 72 h posttransfection. The microarray expression profiling data verified many computer
predicted promoter assignments. K-means clustering was used to sort the 144 genes based on their temporal expression pattern similarities. This
clustering resulted in the confirmation and temporal class assignment of previously unidentified genes and promoters.
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Baculoviruses are double-stranded DNA viruses with large
circular genomes of 80–180 kb (Volkman et al., 1995) that
exclusively infect arthropods and are used, or have the potential
to be used, as biological pesticides in the protection of crops and
forests (Inceoglu et al., 2001;Moscardi and Sosa-Gomez, 1993).
Baculoviruses are divided into two genera: Nucleopolyhedro-
virus (NPVs) orGranulovirus (GVs). NPVs are found mainly in⁎ Corresponding author. Fax: +1 514 496 6213.
E-mail addresses:Manuella.VanMunster@nrc-cnrc.gc.ca (M. van Munster),
willisl@agr.gc.ca (L.G. Willis), eliasm@nrc.ca (M. Elias),
erlandsonm@agr.gc.ca (M.A. Erlandson), roland.brousseau@cnrc-nrc.gc.ca
(R. Brousseau), theilmannd@agr.gc.ca (D.A. Theilmann),
luke.masson@nrc-cnrc.gc.ca (L. Masson).
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doi:10.1016/j.virol.2006.06.015lepidopterans but have also been identified in other insect orders,
including Hymenoptera, Diptera, Coleoptera, Thysanura, and
Trichoptera. NPVs produce occlusion bodies (OB) that contain
multiple (MNPVs) or single (SNPVs) nucleocapsids per virion
envelope (Volkman et al., 1995). GVs are occluded within
granulin, each OB containing a single virion with a single
nucleocapsid, and GVs have been only found in lepidopterans
(Federici and Hice, 1997). Trichoplusia ni SNPV (TnSNPV) is
pathogenic to the cabbage looper (T. ni), a serious pest of many
economically important crops, and shows potential as a
biological control agent. TnSNPV is a group II Nucleopolyhe-
drovirus and has a genome of 134,394 bp with 144 putative open
reading frames (ORFs) (Willis et al., 2005).
Successful baculovirus infection requires sequential and
coordinated expression of early, late and very late genes. Earlyc. All rights reserved.
Table 1
Transcript abundance of viral genes in BT1-Tn-5B1-4 T. ni cells transfected with TnSNPV DNA as quantified by microarray
ORF a
no.
Blast hit similarity Promoter Normalized data Cluster
Hours post-transfection
0 6 12 18 24 30 36 48 72
4 – ND 1.0 1.5 2.1 2.5 2.1 2.8 3.5 13.0 24.7 A
5 – E, L 1.0 1.3 1.1 1.8 1.4 1.8 2.5 18.4 50.5 A
6 – ND 1.0 1.6 3.1 2.9 5.4 7.8 11.3 21.2 47.2 A
7 – E, L 1.0 1.4 2.1 4.0 8.1 16.2 15.7 46.7 93.1 A
8 odvp-6e E 1.0 1.6 2.9 2.1 2.2 2.5 2.6 7.8 16.4 A
9 me53 E, L 1.0 1.6 3.8 3.0 11.0 16.4 37.8 132.5 315.9 A
10 exon O E, L 1.0 1.5 3.8 3.8 2.1 2.7 3.9 25.4 54.0 A
17 p74 gene L 1.0 1.5 1.5 1.5 1.6 1.9 2.5 5.6 6.0 A
20 AcMNPV-29 L 1.0 1.5 2.4 2.9 2.8 2.0 3.5 17.1 74.4 A
21 lef-6 L 1.0 1.5 2.8 6.3 17.5 36.9 136.5 454.2 832.2 A
22 dbp L 1.0 1.4 4.5 5.7 16.1 29.9 94.6 237.8 313.3 A
45 AcMNPV-57 ND 1.0 1.3 2.1 1.7 2.8 3.1 4.7 12.3 33.1 A
47 AcMNPV-60 L 1.0 1.5 1.4 2.3 1.3 1.5 2.4 8.2 15.6 A
50 – ND 1.0 1.6 1.4 2.7 1.3 1.6 2.1 6.4 12.0 A
51 – ND 1.0 1.4 1.1 1.9 1.4 1.8 1.5 3.6 5.2 A
55 AcMNPV-66 ND 1.0 1.8 2.4 2.8 1.8 2.9 5.0 29.4 73.6 A
56 lef-3 ND 1.0 1.5 8.2 8.2 58.7 91.3 146.4 329.4 437.6 A
57 22.3-kDa protein ND 1.0 1.6 2.7 1.7 1.9 2.5 2.4 11.0 17.6 A
64 gp37 L 1.0 1.3 2.0 2.0 3.5 6.1 10.2 71.5 166.2 A
67 – ND 1.0 1.2 1.2 1.8 2.0 2.0 3.5 22.1 70.7 A
84 – ND 1.0 1.6 2.2 3.3 2.6 3.7 12.4 80.7 116.3 A
87 lef-5 ND 1.0 1.4 2.1 1.9 2.0 3.0 3.0 5.3 5.3 A
93 – ND 1.0 1.2 1.5 2.6 2.3 2.4 5.6 34.1 55.3 A
96 odv-e66 L 1.0 2.2 3.2 2.1 1.6 1.9 3.4 20.9 35.2 A
98 – ND 1.0 1.4 1.1 2.5 1.5 1.8 2.5 10.8 32.0 A
101 Histidinol-phosphatase E 1.0 2.5 1.4 2.1 1.5 2.2 2.5 9.9 28.0 A
106 – E 1.0 1.6 5.1 3.7 39.6 68.8 136.2 267.2 378.0 A
111 – E 1.0 1.3 1.6 2.2 2.2 3.9 5.8 19.2 38.1 A
122 fgf E 1.0 1.4 4.3 5.9 53.5 117.2 232.5 303.5 412.4 A
123 AcMNPV-119 L 1.0 1.6 1.8 3.3 2.6 3.5 6.3 64.8 132.2 A
135 – ND 1.0 1.8 2.5 5.6 28.3 54.6 102.1 181.7 255.4 A
137 – ND 1.0 1.5 1.7 1.4 1.6 1.5 1.4 3.6 7.5 A
138 – L 1.0 1.3 1.9 1.6 1.4 1.6 1.7 4.4 9.9 A
143 F protein E, L 1.0 1.8 5.1 4.5 20.8 42.7 60.4 248.3 487.6 A
144 RR1 ND 1.0 1.6 2.6 2.8 4.8 8.5 15.1 60.4 180.3 A
12 odv-e18 L 1.0 1.5 1.5 2.0 5.0 24.3 96.9 790.8 1256.7 B
13 odv-ec27 E, L 1.0 1.5 1.5 1.7 3.8 18.9 82.2 674.9 1093.3 B
16 ie-0/1 E, L 1.0 1.7 1.5 3.2 6.2 15.0 30.2 90.4 140.8 B
18 p10 L 1.0 2.0 1.0 1.3 4.1 24.2 123.4 616.5 893.3 B
26 39K/pp31 ND 1.0 1.4 1.4 2.4 20.8 67.8 227.7 346.0 523.6 B
27 lef-11 ND 1.0 1.4 1.2 2.8 22.5 65.4 263.2 437.0 572.6 B
29 AcMNPV-63 L 1.0 1.3 1.4 1.8 6.0 17.4 82.0 194.0 269.4 B
33 lef-8 ND 1.0 1.3 1.1 2.4 4.9 12.3 60.9 168.4 242.2 B
34 MacoNPV J domain-like E 1.0 1.8 1.2 2.6 3.0 5.0 19.4 69.4 84.4 B
35 iap1 E 1.0 1.3 1.5 2.3 6.8 15.3 90.1 413.8 631.0 B
37 – ND 1.0 1.2 2.2 3.2 3.8 7.6 28.6 94.5 106.9 B
38 AcMNPV-53 L 1.0 1.8 1.2 1.7 1.9 3.1 7.6 45.1 69.5 B
43 AcMNPV-55 L 1.0 1.8 2.4 2.3 5.6 10.2 42.5 212.1 457.6 B
44 AcMNPV-56 E, L 1.0 1.4 2.4 2.0 5.4 13.0 62.7 317.2 581.1 B
49 lef-9 ND 1.0 1.2 1.6 2.1 2.8 6.4 16.5 78.8 100.4 B
53 AcMNPV-75 L 1.0 1.6 1.0 2.3 4.3 19.9 72.5 434.3 683.4 B
54 DNA-pol E 1.0 1.6 1.8 2.4 3.6 5.3 12.3 39.2 67.9 B
59 p26 ND 1.0 1.6 1.3 1.9 3.5 5.1 14.2 57.6 87.8 B
61 Chitinase L 1.0 1.9 1.5 2.4 2.1 2.9 6.2 44.9 90.8 B
76 vp91 E, L 1.0 1.5 1.2 1.3 1.7 1.9 4.0 20.1 32.6 B
78 lef-4 ND 1.0 1.5 1.4 3.8 5.9 14.4 52.6 134.1 160.8 B
81 odv-e25 L 1.0 1.7 1.3 1.9 6.6 31.3 192.2 695.5 1105.4 B
82 Helicase L 1.0 1.2 1.2 3.4 6.5 18.2 79.9 216.0 265.1 B
99 – L 1.0 1.6 1.7 2.4 3.7 5.9 12.3 43.3 111.1 B
100 – ND 1.0 1.5 1.7 2.6 5.5 11.3 32.6 102.2 169.4 B
(continued on next page)
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Table 1 (continued)
ORF a
no.
Blast hit similarity Promoter Normalized data Cluster
Hours post-transfection
0 6 12 18 24 30 36 48 72
104 – L 1.0 1.5 3.4 3.6 10.7 19.6 68.1 414.5 772.7 B
105 AcMNPV-115 L 1.0 1.2 1.4 1.6 2.9 3.1 6.5 11.5 14.6 B
108 bro1 ND 1.0 1.4 1.0 2.2 24.1 39.5 93.3 226.1 490.1 B
109 sod L 1.0 1.6 2.1 2.6 2.5 4.0 12.9 135.8 319.6 B
110 – ND 1.0 1.4 1.2 1.6 1.8 2.7 3.7 6.9 8.3 B
114 MacoNPV rr small subunit ND 1.0 1.8 1.3 3.7 12.1 27.3 89.2 209.5 205.8 B
115 – E, L 1.0 1.5 1.5 2.8 5.9 12.4 52.1 175.6 351.3 B
116 – E, L 1.0 1.5 1.5 2.2 10.9 26.0 106.5 272.8 487.6 B
117 AcMNPV-18 L 1.0 1.6 1.0 2.1 6.6 14.2 94.3 299.9 422.4 B
118 – L 1.0 1.9 1.3 2.7 2.7 4.3 11.1 62.9 132.2 B
121 – ND 1.0 1.5 1.5 2.0 2.5 3.4 6.8 18.7 34.7 B
128 lef-2 ND 1.0 1.6 1.0 2.1 4.7 13.3 77.3 360.9 811.3 B
129 bro2 L 1.0 1.3 1.6 3.2 6.3 17.3 68.6 249.9 501.2 B
130 lef-1 ND 1.0 1.5 1.9 2.5 5.4 12.7 40.0 185.9 345.6 B
131 – L 1.0 1.5 1.5 1.5 1.5 2.2 3.0 7.9 17.8 B
133 egt ND 1.0 1.4 1.2 3.7 8.5 22.4 90.2 211.8 265.7 B
134 – ND 1.0 1.4 1.9 2.8 6.3 11.1 34.0 76.4 118.3 B
136 – ND 1.0 1.7 1.1 2.4 2.5 4.2 8.2 38.5 75.5 B
139 pkip L 1.0 1.4 1.9 3.5 8.3 23.8 85.1 239.4 336.0 B
140 arif-1 L 1.0 1.3 1.8 2.0 2.2 3.5 11.8 47.5 75.9 B
141 AcMNPV-22 L 1.0 1.6 1.4 1.2 2.0 2.7 5.2 18.9 37.4 B
142 – ND 1.0 1.6 2.4 2.6 8.4 20.4 43.4 195.1 265.8 B
1 Polyhedrin L 1.0 1.5 2.1 1.7 2.2 2.1 5.9 88.1 532.3 C
2 1629 ND 1.0 1.6 1.2 1.4 1.3 1.8 2.9 17.8 16.0 C
3 (pk)1 L 1.0 1.1 1.1 1.8 1.9 3.3 12.4 169.4 584.4 C
11 AcMNPV-142 L 1.0 1.5 2.0 1.7 3.0 10.8 48.3 525.5 908.2 C
14 AcMNPV-145 L 1.0 2.8 1.6 1.4 1.4 1.8 2.7 10.2 32.1 C
15 AcMNPV-146 L 1.0 1.5 1.3 2.0 1.4 2.3 3.3 14.8 26.2 C
19 p26 L 1.0 1.2 1.0 1.4 1.5 3.3 23.4 161.1 294.4 C
23 AcMNPV-26 E, L 1.0 1.4 1.3 1.4 1.7 3.2 21.6 149.6 295.9 C
24 AcMNPV-34 L 1.0 1.5 2.0 2.0 2.6 4.0 18.6 125.8 169.5 C
25 Ubiquitin L 1.0 1.9 1.2 2.2 2.5 4.6 23.0 142.3 263.3 C
25b – L 1.0 1.5 1.2 1.5 2.2 7.1 50.9 243.7 431.3 C
28 AcMNPV-38 L 1.0 1.3 1.1 2.1 3.1 5.6 25.3 58.0 48.4 C
30 – L 1.0 1.1 1.0 2.0 2.1 4.2 16.8 80.9 120.0 C
31 p47 ND 1.0 1.4 1.5 1.9 2.5 4.0 14.9 37.9 55.0 C
32 – L 1.0 1.0 2.7 1.0 1.7 1.5 3.3 4.2 12.5 C
36 – L 1.0 1.5 1.6 1.0 1.4 1.6 3.5 9.8 18.3 C
39 – L 1.0 1.3 1.1 1.5 1.7 2.2 10.9 42.6 55.0 C
40 – L 1.0 1.4 1.5 2.2 2.1 3.1 13.7 111.9 122.0 C
41 lef-10 L 1.0 1.3 1.0 1.4 2.1 4.9 23.0 65.4 79.9 C
42 vp1054 ND 1.0 1.4 1.7 2.1 3.8 6.2 26.0 104.6 160.0 C
46 AcMNPV-59 L 1.0 1.5 1.0 1.8 1.7 3.1 8.2 46.6 66.9 C
48 25K protein L 1.0 1.5 1.3 1.7 2.0 4.6 22.6 290.2 725.6 C
52 – L 1.0 1.2 2.6 1.0 1.2 1.5 3.7 14.3 25.7 C
58 iap2 L 1.0 1.5 1.4 1.5 1.8 2.4 4.6 27.3 38.0 C
60 Cathepsin-like L 1.0 1.4 1.1 1.4 1.3 2.3 7.0 86.6 309.7 C
62 – ND 1.0 1.6 1.3 1.8 2.1 3.9 25.7 125.5 196.8 C
63 pcna ND 1.0 1.6 1.4 1.8 2.8 4.6 18.1 108.6 234.4 C
65 Photolyase E 1.0 1.9 2.0 2.2 2.5 4.8 27.5 224.1 433.8 C
66 AcMNPV-111 ND 1.0 1.5 1.0 1.4 1.3 2.0 4.1 33.2 74.8 C
68 Conotoxin-like ND 1.0 2.1 1.3 2.0 2.3 2.9 10.2 94.3 532.0 C
69 – ND 1.0 1.3 1.7 1.4 1.5 1.9 5.0 30.3 31.1 C
70 vlf-1 L 1.0 1.2 1.0 1.4 1.9 4.7 33.6 204.0 361.7 C
71 AcMNPV-78 L 1.0 1.4 1.2 2.1 2.3 5.0 26.9 216.3 261.3 C
72 gp41 L 1.0 1.3 1.0 1.4 1.4 2.5 11.4 79.5 90.3 C
74 AcMNPV-81 ND 1.0 1.3 1.1 1.4 2.0 4.5 35.3 173.4 212.6 C
75 tlp ND 1.0 1.2 1.4 1.4 2.8 7.7 45.1 199.7 219.5 C
77 vp39 L 1.0 1.2 1.1 1.8 3.8 10.5 66.5 299.4 431.2 C
79 AcMNPV-92 ND 1.0 1.8 1.3 2.2 2.2 4.5 12.7 79.5 138.0 C
80 AcMNPV-93 E, L 1.0 1.4 1.1 1.4 2.8 10.5 60.2 399.5 557.1 C
83 AcMNPV-96 ND 1.0 1.4 1.3 1.7 1.8 2.1 5.6 25.6 48.4 C
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Table 1 (continued)
ORF a
no.
Blast hit similarity Promoter Normalized data Cluster
Hours post-transfection
0 6 12 18 24 30 36 48 72
85 – ND 1.0 1.4 2.0 1.0 1.3 1.5 2.9 3.8 7.8 C
86 38K ND 1.0 1.3 1.5 2.2 2.7 4.4 25.6 99.0 186.1 C
88 – ND 1.0 1.1 1.2 1.4 3.1 7.8 38.1 181.9 367.0 C
89 AcMNPV-101 L 1.0 1.7 1.4 1.4 2.0 2.9 8.3 69.6 142.0 C
90 AcMNPV-102 L 1.0 1.6 1.1 1.4 1.5 2.9 13.2 108.0 151.1 C
91 p48 L 1.0 1.5 1.3 1.4 2.0 4.4 23.6 219.5 274.6 C
92 p87 capsid ND 1.0 1.5 1.7 1.8 2.1 2.6 5.5 39.3 78.2 C
94 AcMNPV-109 E, L 1.0 1.3 2.0 1.6 1.7 2.6 9.5 82.1 144.2 C
95 AcMNPV-108 L 1.0 1.4 1.2 1.4 1.7 3.6 18.2 131.1 193.1 C
97 – L 1.0 1.6 2.2 2.7 2.6 3.6 16.7 146.2 301.5 C
102 AcMNPV-106 L 1.0 2.5 2.0 1.8 3.5 7.0 41.5 318.7 808.6 C
103 – L 1.0 1.4 1.4 1.9 1.7 3.3 8.7 68.4 132.4 C
107 – L 1.0 1.7 3.0 2.8 2.3 3.6 10.9 73.9 127.4 C
112 LSDV LD140 RING finger ND 1.0 1.4 1.2 1.9 3.9 8.7 61.1 193.1 200.3 C
113 Polyhedrin calyx protein L 1.0 1.7 2.1 2.4 2.9 4.5 16.5 231.8 763.4 C
119 Alkaline-exonuclease ND 1.0 1.4 1.4 2.2 3.7 9.2 43.0 169.5 301.3 C
120 – L 1.0 1.5 1.2 2.6 3.2 7.6 33.9 168.6 222.4 C
124 – ND 1.0 2.1 1.4 1.2 3.4 8.0 64.1 357.9 693.4 C
125 gp16 L 1.0 1.9 1.1 2.1 3.8 13.7 101.5 542.8 962.1 C
126 p24 viral capsid L 1.0 2.4 1.4 1.0 1.3 2.0 22.9 67.5 128.8 C
127 – L 1.0 1.7 1.6 1.6 2.2 4.4 22.0 191.1 423.4 C
132 ptp L 1.0 2.6 1.3 1.6 1.6 3.2 10.1 96.2 187.3 C
a Columns 1–3 show the ORF number, the best hit identified by general blast against the NCBI Genbank database, and the predicted late (L) and/or early (E) or not
determined (ND) promoters as analyzed by Willis et al. (2005). The columns under Normalized data show the fold change in transcript levels compared at each time
point to the control population (t=0). Bold and underlined numbers indicate the beginning of transcription above detectable levels for each gene. The last column
represents the gene's assigned temporal expression pattern cluster group using K-means a Standard Correlation clustering algorithm.
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infection of the host cell but prior to DNA replication and which
have been further subdivided into immediate early (IE) and
delayed early (DE) genes (Friesen, 1997). IE genes are defined
as genes expressed immediately upon infection and require no
viral factors for expression. DE genes require other viral factors
for activated expression but are expressed prior to the onset of
DNA replication. After replication initiates there is a switch from
early dependence on a host RNA polymerase II to a novel virus-
encoded RNA polymerase that is required for late transcription
(Morris et al., 1994). Some early genes are then transcriptionally
suppressed, whereas others continue to be expressed and
regulate expression of late genes (Todd et al., 1995, 1996). To
date, only a few SNPVs have been cultured in vitro due to the
lack of susceptible host cells (Granados et al., 1981, 1986; Zhu
and Zhang, 1985) and no fully permissive cell line has been
identified for TnSNPV. However, the Hi-5 cell line, BT1-Tn-
5B1-4 developed by Granados et al. (1994) was shown to permit
a limited number of replication cycles making it possible to
study the basic biology and viral gene expression of TnSNPV in
more detail (Davis and Wood, 1996).
DNA microarrays represent a powerful tool for studying
microbial pathogenesis (Kato-Maeda et al., 2001; Letowski et al.,
2003), particularly by their ability to examine the complex
temporal programofmicrobial gene expression during the course
of infection (Both et al., 2005; Cummings and Relman, 2000;
Luke et al., 2002). Since the full sequence of TnSNPV has been
recently completed (Willis et al., 2005), the ability to investigate
the temporal gene expression of transfected TnSNPV cells usingDNAmicroarrays is nowpossible. To date, only two studies have
used arrays to analyze complete Group I NPV genomes
(Autographa californicaMNPVor AcMNPVand Bombyx mori
NPV or BmNPV) and these dealt essentially with replication
differences in permissive and non-permissive cell lines (Iwanaga
et al., 2004; Yamagishi et al., 2003). In this study, a viral
oligonucleotide microarray was developed allowing the first
temporal transcription profile analysis of all 144 putative ORFs
of a Group II NPV, TnSNPV. The genomic array data also
allowed assignment of previously uncharacterized ORFs to
various temporal classes.
Results
The TnSNPV genome sequence (Willis et al., 2005) was
used as the source for defining viral ORFs in this microarray
analysis. The budded virus (BV) of the TnSNPV isolate used in
this study is highly unstable and only hemolymph derived BVs
were infectious, permitting only one to two rounds of
replication (data not shown). Therefore, it was not possible
to obtain a stock of BVs of sufficient titer to initiate a
synchronous infection. Consequently, to obtain a synchronous
infection profile TnSNPV viral DNAwas transfected into BT1-
Tn-5B1-4 cells. To analyze the global transcriptional profile of
the putative 144 viral genes of TnSNPV after transfection, we
constructed a focused 70-bp oligonucleotide microarray
containing the entire set of TnSNPV genes. For each ORF,
two specific oligonucleotides were chosen to represent the 3′
and 5′ regions of the ORF where possible. However,
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produced inconsistent results in comparison to the 3′
oligonucleotides (presumably due to incomplete mRNA
reverse transcription). These 5′ oligonucleotides were therefore
eliminated in further data analysis. In order to validate the
TnSNPV-oligonucleotide microarray the specificity of the viral
probes was confirmed by hybridization with TnSNPV genomic
DNA. All viral probes tested positive with purified viral
genomic DNA, with actin, tubulin and arabidopsis probes
remaining negative, indicating specificity of selected probes
(data not shown).Fig. 1. Classification and gene expression levels as quantified by microarray spot flu
genes, (B) genes implicated in early replication, (C) genes associated with late RNATotal RNA from TnSNPV-transfected BT1-Tn5B1-4 cells
was isolated 0, 6, 12, 18, 24, 30, 36, 48 and 72 h posttransfection
(h p.t.) and the abundance of mRNA from each ORF in the viral
genome was quantified using the custommicroarray. Expression
data representing the average of three independent hybridization
experiments from one biological replicate of TnSNPV-BT1-
Tn5B1-4 transfected cells are shown in Table 1. Expression
results at different time points are presented as fold change in
expression compared to time point 0 (i.e., cellular mRNA
background levels) which was normalized to a value of 1.
Detection thresholds at which the gene was considered asorescence for five different groupings of TnSNPV genes. (A) Earliest expressed
polymerase replication, (D) structural genes and (E) auxiliary genes.
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normalized t=0 value. The beginning of transcription was
determined to be the first time point where the normalized value
was above the three-fold threshold level followed by at least one
successive time point above this threshold. Microarray results
obtained with one biological replicate were analyzed and
expression trends confirmed by microarray analysis of at least
three other hybridizations derived from another independent
biological replicate (data not shown).
An overall analysis of gene expression showed a low
subthreshold baseline preceding a burst of viral mRNA
transcription (Table 1). The beginning of viral gene expression
could be detected by 12 h p.t. with eight putative genes
(orf104, exon0, me53, fibroblast growth factor (fgf), DNA
binding protein (dbp), F protein, orf106, lef-3) being
expressed three-fold or higher than at t=0 (Fig. 1A). Lef-3
showed the strongest fluorescent signal at the earliest time
point suggesting that it has a high level of transcription when
compared to the others. Further initiation of gene expression
could be detected at 18 h p.t. (11 genes) and 24 h p.t. (39 genes).
These included themajor transactivating gene ie-0/1 at 18 h p.t.,
while lef-3 continued to have the highest expression levels at
both time points (Table 1). At 30, 36, and 48 h p.t., 43, 29, andFig. 2. Results from K-means cluster analysis. Genes were divided into three cluste
genes with similar expression profiles. Each data point represents the ratio calculated
represented gene functional categories, panel A shows the expression levels forming c
groups the more intermediate expressed genes and panel C shows the third group (c
intensity calculated from the three subsets of genes: cluster A (squares) generally in
(circles) at 30 h p.t.14 additional genes respectively had detectable levels of
expression accounting for all the predicted ORFs. At 30 h p.t.
the strongest fluorescent signal was observed with the fgf gene,
whereas at 36 h p.t. the essential replication factor lef-11
showed the highest fluorescent signal. Finally, at 48 h p.t. (and
72 h p.t.), it was the structural gene odv-e18, showing the
highest expression levels.
Early and replication genes
Early genes by definition are expressed prior to the onset of
viral DNA replication. There has been no previous analysis of
TnSNPV early genes and all TnSNPV early promoters were
predicted after complete genome sequencing (Willis et al.,
2005) (Table 1). We previously determined that viral DNA
replication in transfected cells initiated between 24 and 30 h p.t.
as deduced from slot blot analysis (data not shown). Using the
viral microarray, expression from 14 of the 23 predicted early
genes was detected by 24 h after transfection. The remaining
nine genes were expressed after 24 h p.t. with five of them also
possessing predicted late promoters. However, three genes
having putative early promoters only showed initiation of
transcription much later: histidinol-phosphatase (48 h p.t.),rs using a K-means Standard Correlation algorithm, which distinguishes sets of
from the average intensity of control. Indicated in each cluster is a list of the most
luster A, the earliest genes to initiate expression. Panel B shows cluster B which
luster C) possessing the latest expressed genes. Panel D represents the average
itiating transcription at 12 h p.t., cluster B (triangles) at 18 h p.t. and cluster C
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possible earlier specific mRNA levels fell below the detectable
limits of the microarray (Table 1). Alternatively, the putative
early promoters were not correctly assigned. To check the
validity of our microarray data, we assessed transcription
initiation of these three ORFs (e.g., histidinol-phosphatase,
orf111, and photolyase) by reverse transcriptase RT-PCR. For
all three genes, mRNA transcripts were detected at 18 and 24 h
p.t. with gene expression increasing greatly by 30 h p.t. (data
not shown). This indicates that for some genes microarray
analysis may not be as sensitive a technique as RT-PCR for
detecting low level gene expression.
The core replication genes essential for viral DNA
replication have been shown to be the ‘late expression factor’
genes lef-1, lef-2, lef-3, lef-11. These and three other core
genes, ie-0/1, DNA polymerase (DNA-pol), and helicase (hel)
are all expressed early (Okano et al., 2006). Analysis of the
core replication genes showed that lef-1, lef-11, DNA-pol, hel
genes had similar expression patterns reaching maximal
expression by 48 h p.t. (Fig. 1B). In addition to being one
of the highest expressed genes at 30 h p.t., lef-3 was also the
most highly expressed of all core replication genes at this time
point (Fig. 1B).At 48 h p.t., lef-2 unlike all the other replication
genes, showed continuously increasing mRNA levels right up
to very late times p.t. (Table 1). Using an arbitrary three-fold
cutoff for indicating transcriptional initiation, expression of lef-
3 was first detected at 12 h p.t., ie-1 (which includes ie-0
transcripts) and hel by 18 h p.t., lef-1 lef-2, lef-11, and DNA-pol
by 24 h p.t. (Table 1). It was surprising to detect TnSNPV ie-0/1
expression only after 18 h p.t. since the ie-0 and ie-1 promoters
in group I NPVs have been shown in numerous other studies to
be very strong with these genes initiating transcription after 1 h
in virus infected cells (Huijskens et al., 2004; Stewart et al.,
2005).
Viral late RNA polymerase, structural genes, and auxiliary
genes
The late phase of gene expression occurs during or after the
onset of viral DNA synthesis (Blissard and Rohrmann, 1990)
followed at later times by very late genes being transcribed in a
rapid burst (Grula et al., 1981). Of the 82 genes that have
recognizable late promoter motifs (Willis et al., 2005), 71 are
detectably expressed between 24 and 48 h p.t. (Table 1), which is
after, or concomitant with, the onset of DNA replication.
Expression from these late promoters utilizes a viral-encoded
RNA polymerase that consists of proteins coded by the lef-4, lef-
8, lef-9, and p47 genes. The vlf-1 factor is also required for very
late gene expression (Okano et al., 2006). Of these five genes,
lef-4 and lef-8 showed detectable expression by 18 h p.t and
24 h p.t. respectively, whereas p47, lef-9, and vlf-1 were not
detectable until 30 h p.t. (Fig. 1C). Six genes (dbp, orf104, lef-
6, pkip, hel, bro2) that have recognizable late promoter motifs
were expressed earlier (before 24 h p.t.) suggesting that these
genes may also have early promoters that do not contain
recognizable motifs (Table 1). One other possible explanation
could be that this could have resulted from read thoughtranscripts initiating from an upstream gene, however, this
remains to be verified.
The majority of baculovirus structural genes are known to
be late genes which was confirmed by our analysis (Table 1).
The exception to late expression is the fusion gene (F gene),
which is a functional homolog of the gp64 gene (Willis et al.,
2005). The F gene was the most highly expressed gene at
12 h p.t. as showed by microarray (Fig. 1D). The remaining
known structural genes were all expressed between 24 and
48 h p.t. At 24 h p.t. the first cluster of late genes was
composed of odv-e18, odv-e25, p10, odv-ec27, vp39, gp16,
vp1054, and gp37. Detectable expression of the highly
expressed polyhedrin gene was not observed until 36 h p.t.
with the ODV-specific genes p74 and odvp-6e (odv-e56)
being detected at 48 h (Fig. 1D).
The earliest expressed auxiliary gene was the fibroblast
growth factor (fgf) gene, detectable by 12 h p.t. (Fig. 1E)
consistent with previously published observations for
AcMNPV (Detvisitsakun et al., 2005). Three other auxiliary
genes were expressed by 18–24 h p.t.: UDP-glucosyltransferase
(egt), protein kinase-interacting protein (pkip), and apoptosis
inhibitor (iap1) (Fig. 1E). By 72 h p.t., iap1 was the auxiliary
gene showing the highest expression level. The bulk of the
auxiliary genes were expressed at late times from 24 to 48 h p.t.
The latest expressed gene was the putative histidinol-phospha-
tase, which was only detected by 48 h p.t.
Global analysis by K-means clustering
In order to visualize and interpret the time course data, K-
means clustering was used to divide the 144 potential viral genes
into three groups based on expression pattern similarity with
respect to time, i.e., from 12 h p.t. until 36 h p.t. (Fig. 2). Each
cluster represents a set of genes that shared a relatively distinct
pattern of differential expression in the context of the two other
clusters. Initially, hierarchical clustering by Euclidean distance
was used but only produced gene groups that did not show any
major trends or commonality. After assessing a variety of group
or K numbers, it was observed that constraining the K number to
three resulted in the grouping of genes that correlated with their
temporal expression. The K-means Standard Correlation algo-
rithm emphasizes the shape and pattern of expression over time
rather than the magnitude of change. Therefore, while in each
cluster, there may be significant differences in the magnitude of
gene expression, the distinguishing characteristic in the response
pattern is the initiation of transcription. This characteristic is
illustrated in Fig. 2. The average transcriptional initiation time
point of the earliest expressed genes (cluster A) was approxi-
mately 12 h p.t, 18 h p.t in cluster B and much later (30 h p.t.) in
the third group (cluster C). Viral genes involved in early events
such as DNA replication and transcription clustered into two
groups (Figs. 2A and B) however, cluster A, corresponding to
the earliest expressed genes, contained primarily genes with
unknown functions (20/35 genes). Genes involved in the virion
structure and assumed to be late genes grouped preferentially in
another cluster (Fig. 2C). Auxiliary genes and genes associated
with the RNA polymerase, were evenly distributed between
Table 3
Comparison of fold change in gene transcription levels for three viral genes
estimated by microarray analysis and q-RT-PCR
TnSNPV gene Fold change (microarray) a Fold change
(q-RT-PCR) b
DNA-polymerase 30 h p.t./24 h p.t. 1.7 3.5±0.3
Superoxide dismutase
48 h p.t./36 h p.t.
10.5 5.7±0.3
Polyhedrin 48 h p.t./36 h p.t. 14.9 10.2±0.7
a The fold change in transcript levels in microarray analysis was determined
between one time point and the time point preceding in the time course study.
b Each value represented the fold change average of two experiments between
one time point and the time point preceding and normalized with the T. ni
tubulin gene. The±sign indicates the standard error of the mean.
Table 2
Primers used in validation experiments (q-RT-PCR) of microarray analysis on TnSNPV DNA transfection study
Putative protein GenBank
accession No.
Sequence a Product
size (bp)
PCR efficiency+1
TnSNPV genes
DNA-polymerase AAZ67370 F-5′TCGTGTCGCCCGATTCGTTA
R-5′GCGCTTCACAACGATCGAT
137 1.8±0.02
Superoxide dismutase AAZ67479 F-5′GTGACGTGACCGGACAAGTA
R-5′AATGTTCGCCCGCAGACGT
156 1.61±0.02
Polyhedrin AAZ67370 F-5′ACGCCGAACATGAATTAGA
R-5′CGACAAGCTTCATGGTATC
150 1.66±0.03
T. ni house keeping genes
Actin BG354596 F-5′CGCACACGGTGCCCATCTA
R-5′CTCGGTGAGGATCTTCATCA
107 1.76±0.02
Tubulin CF259337 F-5′CGCAACCTCGACATTGAAG
R-5′TCGGTAAGGTCGACGTTGA
119 1.87±0.02
a F: Forward primer, R: Reverse primer.
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from each of the three clusters.
Verification of cDNA microarray results
The temporal pattern of gene expression determined by
microarray analysis was independently investigated for three
viral genes (one early gene and two late genes) using
quantitative real-time PCR (q-RT-PCR) analysis at various
time points after DNA transfection. Each pair of oligonu-
cleotide primers (Table 2), designed to amplify a specific
clone, was tested for target specificity by PCR and was
found to produce the predicted sized fragment (data not
shown). The expression level of each selected gene was
measured simultaneously with two T. ni house keeping genes
(actin and tubulin). Since it was found that both house
keeping genes gave similar normalization results, conse-
quently, all expression data were subsequently normalized
only to tubulin. The changes observed in gene expression by
microarrays for the three genes were confirmed by q-RT-
PCR. The DNA-pol gene (early gene) was approximately
3.5-fold more expressed at 30 h p.t. than at 24 h p.t. while
the two late genes: superoxide dismutase and polyhedrin
were 5.7-fold and 10.2-fold more expressed at 48 h p.t. than
at 36 h p.t., respectively (Table 3). These data confirmed our
microarray data analysis in terms of expression ratios
measured by the increase of mRNA between the first time
point where expression was initiated and the previous time
point. This agreement between the two techniques suggests
that the microarray data accurately reflects the transcription
profiles of TnSNPV genes.
Discussion
It has long been stated that baculovirus gene expression is
regulated primarily at the transcriptional level (Friesen and
Miller, 1986) which has been supported by many examples of
single gene analyses (Morris et al., 1994; Sriram and
Gopinathan, 1998; Todd et al., 1995). However, to fullyunderstand the complexity of baculovirus gene expression, a
quantitative assessment of all viral genes is required. In this
study, microarray technology was used to monitor global gene
expression of the group II baculovirus TnSNPV in transfected T.
ni cells. Previous microarray studies have only analyzed the
group I baculoviruses BmNPV and AcMNPV (Iwanaga et al.,
2004; Yamagishi et al., 2003). Our results showed that, for the
most part, the microarray data presented in this study closely
matched our previously published assignments (Willis et al.,
2005) as well as others (Davis and Wood, 1996; Friesen, 1997;
Hefferon, 2004) in terms of early, late and very late genes and
temporal expression.
In the current study, we have identified early and late
TnSNPV ORFs based on the posttransfection time when
transcripts were first detected in total RNA pools using
microarray analysis. Presumably due to the wide interval
between sampling time points, transcription from many ORFs,
particularly late genes, showed weak expression at the time
point of first detection followed by large increases in transcript
abundance at the next time point. For example, odv-e25 mRNA
was initially detected at 24 h p.t., concomitant with initiation of
DNA replication, and was followed by a burst of mRNA
transcription between 30 and 36 h p.t. (Table 1). We found it
noteworthy that the majority of genes (57%) were turned on
between 24 and 30 h p.t., while 13% of the 144 putative TnsNPV
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30% between 36 and 48 h p.t. This apparently “delayed” start to
global viral gene expression can be attributed to our use of DNA
transfection versus virus infection. It is known that transfection
of baculovirus genomic DNA can lead to a delay in viral
replication and of global viral gene expression compared to cells
infected with budded virus (Stewart et al., 2005).
Earliest expressing genes
The eight earliest genes (fgf, exon0, F gene, lef-3, me53,
dbp, orf104, and orf106) that had detectable expression at 12 h
p.t. (Fig. 1A) most likely represent key expression products that
eventually permit a successful viral infection. Orf104 and
orf106 are two adjacent genes on the TnSNPV genome with an
unknown function (Willis et al., 2005). Orf104 has a homolog
only in the closely related Chrysodeixis chalcites NPV
(ChchNPV) (van Oers et al., 2005) and therefore appears to
be unique to the TnSNPV group of viruses, whereas orf106 has
homologs in the group II viruses ChchNPV, Mamestra
configurata NPV-A (Maco NPV-A), MacoNPV-B and Spo-
doptera exigua MNPV (SeMNPV).
Because its function is similar to that of GP64, the TnSNPV
F protein is probably essential for BV production and infection
of tissues beyond the midgut (Monsma et al., 1996). The gp64
gene is also expressed under the control of a strong immediate
early promoter (Blissard and Rohrmann, 1991; Oomens et al.,
1995). It has been proposed that early expression of the F
protein or GP64 allows the direct budding of MNPV
nucleocapsids that bypass uncoating and transport to the
nucleus (Washburn et al., 2003; Zhang et al., 2004). For this
mechanism to function for SNPVs, it would require the
infection of a single cell by at least two ODVs.
Among genes initiating expression at 12 h p.t., two genes
(dbp and lef-3) are known to bind DNA and have been shown to
co-localize to viral replication centres (Okano et al., 1999). The
early expression of these genes coding for DNA binding
proteins suggests that they are required immediately for the
preparation of the viral genome for both transcription and DNA
replication. Previous studies have suggested that LEF-3, which
is a single strand DNA binding protein, recruits the viral DNA
polymerase in association with IE-0/1 (Hang et al., 1995; Okano
et al., 1999). The herpesvirus SSB ICP8 shows similar
expression patterns and is known to coat viral DNA (Makhov
and Griffith, 2006). LEF-3 is also required for the active
transport of the viral helicase to the nucleus (Chen and Carstens,
2005).
The core baculovirus gene me53, which has been identified
in all lepidopteran baculovirus genomes sequenced to date
(Lauzon et al., 2005), is also expressed very early after
transfection. The me53 gene of a South African strain of
TnSNPV harbors an early and a late promoter (Wang et al.,
2004). In contrast, no early promoter was detected for the me53
gene of the fully sequenced TnSNPV strain (Willis et al., 2005).
However, the microarray results clearly showed this gene to be
strongly transcribed as early as 12 h p.t. (Table 1), suggesting
that indeed, an early promoter was present and responsible forthis early transcription. Interestingly, the AcMNPV me53
homolog was identified in a screen of infected cell cDNAs in
one of the first attempts to identify the earliest expressed
baculovirus genes (Knebel-Morsdorf et al., 1993). Therefore,
our results with TnSNPV me53 parallels the AcMNPV me53
homolog in that it is also one of the most highly expressed
immediate early genes. Consequently, it is likely to be one of the
more important early genes and warrants further study.
Replication and late RNA polymerase-associated genes
Analysis of specific gene groups known to be involved in
various functions, including replication and late gene transcrip-
tion, revealed some interesting relationships. Analysis of the
replication genes showed that levels of lef-2 continue to
increase at very late times when all the other replication genes
were reaching a steady state. LEF-2 has been reported to
dimerize with LEF-1 to form a possible primase, required for
viral DNA replication (Evans et al., 1997; Mikhailov and
Rohrmann, 2002). Moreover, it has been shown that the lef-2
gene product of BmNPV activates very late gene expression at
the polyhedrin promoter (Sriram and Gopinathan, 1998)
suggesting that LEF-2 plays a dual role during viral infection.
Our results showing increasing gene expression up to very late
times supports this dual functionality role for LEF-2.
The baculovirus-specific RNA polymerase is highly active
and is responsible for the extremely high levels of gene
expression late in infection. Despite extensive studies, it is still
unclear how this important RNA polymerase functions.
Analysis of TnSNPV genes known to be part of the late RNA
polymerase showed that lef-4 and lef-8 are initially detected at
18 and 24 h p.t., while lef-9 and p47 are detected by 30 h p.t.
Structural genes
As discussed above, the only structural gene expressed
before 24 h p.t. was the F gene with the remaining known
structural genes expressed at 24 h p.t. or later. This is consistent
with numerous prior transcriptional studies on baculovirus
structural proteins, which tend to be predominantly coded by
late genes that initiated after DNA replication. Three structural
genes odv-e18, odv-e25, and odv-ec27 represent the most
highly expressed viral genes at 72 h p.t. The AcMNPV
homologs of these genes have all been shown to produce ODV
envelope-associated structural proteins (Braunagel et al., 1996;
Hong et al., 1997). Surprisingly, the most highly expressed gene
was not polyhedrin, which produces the core matrix protein of
occlusion bodies and is the basis for the baculovirus expression
system (Table 1). However, a number of studies have shown
that the host cell type can dramatically affect polyhedrin gene
expression (Wickham et al., 1992). Similarly, limited polyhedra
were produced by BT1-Tn-5B1-4 cells after transfection with
TnSNPV DNA (data not shown).
The structural gene showing the lowest expression was p74,
the baculovirus core gene essential for oral infectivity (Haas-
Stapleton et al., 2004). Also expressed at very low levels were
the capsid gene vp91, and the odvp-6e (odv-e56), odv-e66
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gene is highly conserved in baculoviruses (Theilmann et al.,
1996).
Auxiliary genes
Auxiliary genes are nonessential for viral replication but
presumably provide a selective advantage to the virus in terms
of its epizootiological relationships with insect hosts. These
genes include the inhibitors of apoptosis (iap1, iap2), photo-
lyase, protein tyrosine phosphatase (ptp), ubiquitin, putative
histidinol-phosphatase, superoxide dismutase (sod), cathepsin,
proliferating cell nuclear antigen (pcna), conotoxin-like peptide
(ctl), chitinase, ecdysteroid UDP-glucosyltransferase (egt), fi-
broblast growth factor (fgf), actin rearrangement-inducing
factor-1 (arif-1), protein kinase (pk)1, and protein kinase-
interacting protein (pkip). The fgf gene, known to be conserved
in all lepidopteran baculoviruses and in the hymenopteran
Neodiprion lecontei NPV (Lauzon et al., 2004), was the most
highly expressed auxiliary gene at early times p.t. This suggests
that it plays a critical role in TnSNPV infection and that rapid
alteration of the host signal transduction pathway is an essential
component of the baculovirus pathology. It has been shown that
AcMNPV FGF is secreted and was able to stimulate the
migration of insect cells (Detvisitsakun et al., 2005). These
authors also suggested that FGF might function to attract
hemocytes by chemotaxis allowing infection of hemocytes and
subsequent spread of the infection via the open circulatory
system. Another highly expressed auxiliary gene was iap1
detected by 24 h p.t. whose expression increased rapidly
between 30–48 h p.t. Inhibition of cell death has been shown to
be an essential component of baculovirus infections (Clem,
2005). High expression levels of iap1 would suggest that
apoptosis inhibition may be required for TnSNPV infection of
BT1-Tn-5B1-4 cells, however, this needs to be verified. In
contrast, it has been shown that AcMNPV infection of T. ni
larvae or the T. ni-derived cell line Tn-368 does not require the
apoptosis inhibitor p35 (Clem and Miller, 1993).
Cluster analysis
By using K-means and a Standard Correlation algorithm,
three clusters were created that represented the three major
temporal gene expression patterns. Consequently, this allowed
us to predict a temporal class (and possibly a function) for genes
with unknown promoters and/or unknown functions when they
group with a class of known functional genes (e.g., structural or
replication genes). The average expression of genes in each
cluster allowed the discrimination of genes being expressed as
early as 12 h p.t., or at later time points posttransfection. The
first cluster (cluster A) contained genes being the earliest
expressed (12 h p.t.) with the majority of them having an
unknown function (Table 1). Since baculovirus infection is
regulated at the transcriptional level these genes are interesting
candidates for further studies on baculovirus gene regulation.
One cluster (cluster B) contained most of the viral genes
implicated in DNA replication, late RNA transcription of virusgenes and auxiliary genes and represented mostly genes starting
to be expressed around 18 h p.t. A third cluster (cluster C)
grouped most of the late genes associated with the virion
structure and other genes expressed by 30 h p.t.
In summary, this study represents the first global transcrip-
tional analysis of a group II baculovirus. Our viral DNA
microarray provides a picture of the temporal cascade and
relative levels of viral gene expression that are required for
infection. It also provides some indication that certain genes
may have greater importance in the infection process than
previously thought (e.g., me53, lef-2 and fgf). These results will
provide the basis of further analyses of individual or specific
gene groups (i.e., obtained from K-means cluster analysis).
Materials and methods
Array design and construction
Microarrays were designed using the sequenced TnSNPV
genome from which a total of 144 potential open reading
frames (ORFs) were identified (Willis et al., 2005). The Linux-
based custom software Oligopicker (Wang and Seed, 2003)
was used to design specific 70-bp oligonucleotides near the 5′
and 3′ of each putative ORF and also selected for 70-mers
sharing similar melting temperatures. The 3′ probes were used
for quantification purposes in further analysis while the 5′
probes were used as controls only since the signals for a subset
of genes were less than the 3′ probe values due to incompletely
transcribed genes. The 70-bp oligonucleotides were synthe-
sized (Integrated DNA Technologies Inc, IDT, Coralville, IA)
and each printed as triplicate spots in two complete
independent viral arrays onto Corning glass slides (UltraGAPS
cat. no. 40015). Oligonucleotide purity was individually
assessed using mass spectroscopy. A set of positive controls
was included on each slide to allow further normalization of
data between the individual arrays or across slides. Internal
controls consisted of 70-bp oligonucleotides synthesized at the
5′ and 3′ end of the actin gene from Mamestra configurata
(kindly provided by Dr. D. Hegedus) as well as oligonucleo-
tides synthesized at the 5′ and 3′ end of the T. ni tubulin gene
(GenBank Accession No. CF259337). These oligonucleotides
were printed at two different concentrations for each gene: 2.5
and 5 nmol/ml (actin); 0.625 and 1.25 nmol/ml (tubulin). A
specific PCR-amplified external control consisted of the Ara-
bidopsis thaliana chlorophyll synthetase G4 gene (1024 bp),
which was also included in the array at two different
concentrations: 5 nmol/ml and 10 nmol/ml.
Cell line and transfection experiments
TnSNPV was prepared by feeding fourth instar larvae on
16 mm3 plugs of artificial diet inoculated with approximately
500 polyhedra inclusion bodies, adding fresh diet as required
and allowing the infection to proceed for five days. Larvae
were then collected and TnSNPV genomic DNA was
extracted from purified polyhedra as previously described
(Erlandson, 1990).
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(Invitrogen) supplemented with 10% fetal bovine serum (FBS),
gentamicin (50 μg/ml) (Invitrogen) at 27 °C in sterile 6-well
tissue culture plates (NUNC) at a density of 1×106 cells per
well.
One microgram of TnSNPV genomic DNA was transfected
into monolayers of BT1-Tn-5B1-4 cells on 6-well tissue culture
plates using lipofectin. Lipofectin was produced as previously
described (Campbell, 1995). Cells were washed once with
1.5 ml Graces' medium after 4 h of incubation at 27 °C and
allowed to grow in TC100 medium for 6, 12, 18, 24, 30, 36, 48
or 72 h. Transfection efficiencies were generally 30% or higher.
RNA sampling and labeling
Each of the 6-well tissue culture plates was washed twice
with 2 ml of Graces' insect media and then lysed with RLT
buffer (Qiagen kit cat. No 74104). All lysates were frozen at
−80 °C until all samples were collected. Total RNA for each
sample was isolated with an RNeasy Column (Qiagen) and
evaluated by agarose gel electrophoresis and optical density.
Five micrograms of total RNA was used for cDNA
synthesis following the manufacturer's instructions (Roche
kit cat. no. 1117831). One hundred nanograms of purified
cDNA (Qiagen columns cat. no. 28104) was used for amino-
allyl UTP incorporation with the Ambion MegaScript T7 kit
(cat. no. 1334) after which 10 μg of the amino allyl-antisense
RNA (aa-aRNA) (Qiagen, cat. no. 74104) was resuspended in
9 μl of 0.05 M NaHCO3 buffer and incubated with 10 μg/ml
of Cy 3 dye (Amersham, cat. no. PA23001) for 2 h at room
temperature. The solution was neutralized with 1 M Tris buffer
(pH 11), followed by nucleic acid fragmentation by incubating
the aa-aRNA in a 16.5 mM ZnCl2 buffer for 30 min at 60 °C.
Removal of unincorporated nucleotides, dyes and the pre-
cipitation of the aa-aRNA were done by ethanol precipitation
(1 volume) at −20 °C for 30 min, followed by centrifugation
(30 min at 12,000 rpm). The pellet was washed three times
with cold 70% ethanol and resuspended in 30 μl of distilled
water.
Hybridization conditions
Solutions were made using standard saline-citrate buffer (1×
SSC is 0.15 M NaCl and 0.015 M Na-citrate). Microarray slides
were prehybridized at 42 °C for 1 h with 40 μl of 5× SSC
containing 0.1% SDS and 1% bovine serum albumen (BSA).
Slides were washed with 0.1× SSC at room temperature for
5 min, then centrifuged in 50 ml Falcon tubes at 1000 rpm for
5 min and air dried.
For hybridization, arrays slides were covered with a
22×22 mm cover slip (HYBRI-SLIPS, Sigma, cat. no. Z36,
590-4) and all hybridization steps were performed in a Corning
hybridization chamber (cat. no. 2551). Hybridization conditions
were as follows: aa-aRNAwas resuspended in 30 μl of distilled
water and mixed with 10 μl of DIG Easy Hyb hybridization
buffer (Roche Applied Science, cat. no. 1603558). This
hybridization solution was heat denatured at 95 °C for 5 min,chilled on ice for 5 min, and then applied to the microarray slide
for overnight hybridization at 42 °C. Cover slips were carefully
removed and the slides washed with 1× SSC, 0.2% SDS for
10 min at 42 °C, 5 min at 37 °C and 5 min at room temperature.
A final wash was carried out in 0.1× SSC for 5 min at room
temperature. The microarrays were spin-dried (1000×g, 5 min)
and stored protected from light until imaged.
Slide imaging and data analysis
Microarray slides were scanned with a ScanArray Lite
scanner (Perkin Elmer-Cetus, Wellesley, CA: ScanArray
Express software version 2.2) at a 10-μm resolution. The
resulting 16-bit TIFF files were quantified with QuantArray
software (Perkin Elmer-Cetus version 3.0).
Microarray data normalization, statistical analysis and
visualization were performed with GeneSpring software
(Silicon Genetics, Redwood City, CA). For each of the two
time courses, all nine RNA samples (time points) were
hybridized in triplicate, with each of the 70-bp oligonucleo-
tide being printed as triplicate spots, resulting in a total of
nine technical replicates/time point. First of all, raw values
below 100.0 were set to 100.0. All of the genes in each
sample were then divided by the median of the positive
control genes (e.g., actin and tubulin genes and A. thaliana
chlorophyll synthetase). The measurement for each gene was
then divided by its median value at the zero time point (t=0)
and quantified signal intensities were then transformed by
taking logarithms to base two. All values below 1.0 were set
to 1.0. Results obtained for one time course were confirmed
by analysis of a second independent transfection time course
experiment.
K-means clustering
K-means clustering was performed using Genespring soft-
ware (version 7.0) and the Standard Correlation algorithm on
the complete set of viral genes. K-means clustering has been
described previously (Dougherty et al., 2002). In brief, the
K-means clustering algorithm initially divides genes into a
number of equal sized groups based on a user-defined number
(K). Centroids are first created representing the average
location of each of these groups in “expression space”. Each
gene is then reassigned to the centroids that best match its
expression pattern over time. The centroids are then recalcu-
lated and the process is repeated until the maximum number of
iterations has been reached. The results are presented as
multiple clusters representing three sets of genes that share a
distinct pattern of gene expression with respect to time. Due to
the delays inherent in cell transfection, mRNA transcripts were
not detected before 12 h p.t. after which gene expression
reached a “plateau” at 48 and 72 h p.t. for most genes
presumably due to cell death. Therefore, for cluster analysis,
the first time point after transfection (6 h p.t.) and the two last
time points (48 and 72 h p.t.) were not given as much weight
as the 12- to 36-h time points, as they do not reflect true
temporal gene expression.
165M. van Munster et al. / Virology 354 (2006) 154–166Real-time quantitative PCR analysis (q-RT-PCR)
To confirm the validity of the microarray data, q-RT-PCR
was performed on a variety of selected genes and time points.
Specific primers used in q-RT-PCR were designed (Sequence
analysis program, Informagen, SA) and synthesized (Integrated
DNATechnologies, USA) in order to amplify a 100- to 160-bp
PCR product of three viral genes: DNA-polymerase, polyhedrin
and the superoxide dismutase genes (Table 2). All primers used
in q-RT-PCR had a melting temperature between 55 and 60 °C
and were initially tested on TnSNPV genomic DNA to confirm
their specificity (data not shown).
Total RNA was purified using an RNeasy kit (Qiagen)
according to the manufacturer's instructions. The resulting
RNA was then treated with DNAse (Deoxyribonuclease I,
Invitrogen, California, USA) at a concentration of 1 U/500 ng of
total RNA. First strand cDNA was synthesized from 1 μg of
total RNA with 0.5 μg of oligo(dT) primers and SuperScript II
reverse transcriptase (Invitrogen) following the manufacturer's
instructions. Negative controls (that were not reverse tran-
scribed) were routinely included in each reaction. The cDNA
fragments were quantified with a q-RT-PCR titration assay
using a Rotor-Gene 2000 real-time cycler (Corbett Research,
Sydney, Australia). In each cycle, the target nucleic acids were
amplified and monitored by fluorescence emission. A 5 μl
aliquot of synthesized cDNA was used in a final reaction
mixture volume of 20 μl which also contained 1× SYBR Green
I master mix (Qiagen), MgCl2 (4 mM), and 0.6 μM concentra-
tions of forward and reverse specific primers. A negative control
was also included that contained only 15 μl of reaction mixture
with 5 μl of purified water. Initial denaturation was performed at
95 °C for 15 min followed by 50 cycles of amplification at
94 °C for 15 s, 50 °C for 15 s, and 72 °C for 15 s. Fluorescence
was measured at the end of each extension step at 72 °C.
Following PCR amplification, a melting curve analysis was
performed by a gradual increase in temperature (0.1 °C/s)
between 65 °C and 95 °C.
A mathematical model was used to calculate the relative
expression ratio between two time points (Pfaffl, 2001). The
crossing point (Cp) of each sample included in the run was
determined. The Cp is defined as the point at which the
fluorescence rises appreciably above the background fluores-
cence (Pfaffl, 2001). The expression of each clone was
normalized (Vandesompele et al., 2002) against two house-
keeping gene sequences: the T. ni tubulin (GenBank Accession
No. CF259337) and T. ni actin (GenBank Accession No.
BG354596).
Serial dilutions were made to create standard curves for each
amplicon including the house keeping genes. Analysis of the
PCR amplifications and melting curves was performed using
Rotor-Gene software.
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